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(57) ABSTRACT 

le;.2qQuantitative Risk Analysis (QRA) can be applied to 
provide a more realistic assessment of the risk associated 
With vessel accumulation due to common mode scenarios. 
The QRA process takes the results of a traditional ?are study 
and QRA inputs such as the frequencies of the common 
mode scenarios and the layers of protection that Will tend to 
reduce the severity of the common mode scenario, and 
generates an system risk pro?le, such as an accumulation 
versus frequency relationship for each vessel discharging to 
the relief header. This relationship provides an estimate of 
the overall risk associated With the relief header system. The 
QRA program makes the above analysis process possible by 
automating the generation, execution, and interpretation of 
the many possible permutations that are required to charac 
teriZe the system. 

25 Claims, 9 Drawing Sheets 

General QRA Flowchart 

Traditional Flare 
101 Study Input 

103v 

102 \ /‘ QRA Input 

QRA Process 

104V 
System Risk Pro?le 



U.S. Patent May 2, 2006 Sheet 1 0f 9 US 7,039,502 B2 

General QRA Flowchart 

Traditional Flare 
101 \/ Study Input 102 V QRA Input 

-——-—N QRA Process <————— 

103 \_/ 

System Risk Pro?le 
104V 

FIG. 1 



U.S. Patent May 2, 2006 Sheet 2 0f 9 US 7,039,502 B2 

Traditional Flare Study Input 

Process Engineering Relief Header 
Analysis Mechanical Design 

I. 

Identify _ _ 

Common Mode Identify Rehef 
201 V Scenarios 20M Header Inputs 

Develop Relieving 20 5 
20w Loads and \s Creak Model 

Conditions of Relief Header 

i 2T 
Input cfmlmon Mode : Input Relief Header Piping Into 

203 Scenarios and Loads QRA Program 
\/ into QRA Program . 

Calculate the 
Back Pressure on Each 

Relief Device in 
_—> Each Common Mode 4—_ 
207\/ Scenario 

Go To QRA 
Input 

FIG. 2 



U.S. Patent May 2, 2006 Sheet 3 0f 9 US 7,039,502 B2 

QRA Input 

De?ne Risk ' Input Risk Acceptance 
Acceptance Criteria 302 Criteria into QRA 301V 

303 De?ne Initiating , Input Initiating Event 
V Event Frequencies Frequencies into QRA 

304\j 

De?ne Probabilities of i _ 
Failure on Demand (PFOD) ———> Input PFODS Into QRA 

for Layers of Protection 306\[ 

305 
i 

Identify Layers of Protection i 
Present for Each Piece of 

\/ Equipment in Each Common 
Mode Scenario 

307 

Go To QRA 
Process 

FIG. 3 



U.S. Patent May 2, 2006 Sheet 4 0f 9 US 7,039,502 B2 

QRA Process 

User Selects Common 
Mode Scenario (CMS) 

401V 

7 

QRA Program Determines 
Number of Permutations at e 

402 \/ Each Relief Location 405 \/J 

Selection of Next 
CMS 

k 

QRA Program Determines 
Total Number of 

403 Possible Runs for CMS 

404 CM S Complete 

Direct Analysis 
Feasible? 

Generate Possible 
Runs 

407\/ 

Monte Carlo . [ Analysis Method ] [QRA Execution Method 

FIG. 4 



U.S. Patent May 2, 2006 Sheet 5 0f 9 US 7,039,502 B2 

Construction Of Relief Header Hydraulic Model 

QRA Software Veri?cation 
501 v of Piping Connectivity 

l 
QRA Software Generates 
Input File For Transfer 

502% To Hydraulic Analysis Package 

503 

QRA Software Exports 
Input File To 

Hydraulic Analysis Package 

Relief Header Model Developed 
in Hydraulic Analysis Package 

FIG. 5 



U.S. Patent May 2, 2006 Sheet 6 of 9 US 7,039,502 B2 

Monte Carlo Analysis Method 

Number of 

Each CMS 
Simulation Runs Selected for 

I 
User Selects Desired 

Con?dence Level Selected 
V602 

' 

V614 
Select Next CMS 

QRA Software 
Selects First CMS 

V 

\» 603 CMS Complete 

Generate First Run 
Relief Loads Generate Relief Loads 

V 

For Next Run 

Select First Relief 
Location 

Choose Random Number 
Between 0 and 1 

Select Next Relief 

\/ 606 

I 

Location 

I 
609 

Determine Relief Load 
For Location 

Locations Complete 

FIG. 6 



U.S. Patent May 2, 2006 Sheet 7 0f 9 US 7,039,502 B2 

QRA Execution Method 

QRA Software Selects First CMS V701 

QRA Software Retrieves 
Previously Generated Run Data 

+ j 703 
QRA Software Ranks 1 
Runs by Estimated ‘ Select Next CMS V7 6 

Severity 

v‘ 704 
‘ QRA Software Selects V 

Risk l Highest Severity Run 
Evaluation 

QRA Software Transfers 705 
Run Data to 

Hydraulic Analysis Program 

l 
Hydraulic Analysis Package 
Determination of Header 

Pressure Pro?le 

l 
Transfer of Back Pressures 

To QRA Software 

i J 7 8 
QRA Software Quantities QRA So?ware Analysis 

And Stores Vessel Of Remaining Runs for 
Accumulations Elimination 

L 
711 

Store Run in QRA 
Database 

Accumulations 
Below Minimum RAC 

V710 
It 

No 

FIG. 7 
70 



U.S. Patent May 2, 2006 Sheet 8 0f 9 US 7,039,502 B2 

Rlsk Evaluatlon 

Select First Vessel V801 ) 805 

QRA So?ware Generates V802 
Vessel Accumulation vs. L User Selects Next Vessel 

Frequency Pro?le 

‘ J 803 ; 
Review of Risk Pro?le 

vs. Individual Risk Acceptance 
Criteria 

J804 Vessels Reviewed 
No 

8 1 2 
QRA Software Generates 
System Accumulation vs. V806 Revise Input and Repeat QRA 

Frequency Pro?le 

Review ofRisk Pro?le men” an. f 811 
vs. Aggregate Risk . , w on 0 ') 
Acceptancc Criteria V807 Mitigation Measures 

idividual Risk Pro?le N° 810 
Acceptable Refer to 

Problem Run Data 

809 
. 8 1 3 

System Rlsk Pro?le Risk Acceptable — QRA () 
Acceptable Complete 

L 

FIG. 8 



U.S. Patent May 2, 2006 Sheet 9 0f 9 US 7,039,502 B2 

QRA Calculation Method 

900 

\ 

Memory 

902 

FIG. 9 

Input Device 

7 

Processor 

Output Device 

903 

904 



US 7,039,502 B2 
1 

RISK ASSESSMENT FOR RELIEF PRESSURE 
SYSTEM 

CONTINUING APPLICATION INFORMATION 

This application is a continuation of the application Ser. 
No. 10/092,658, ?led Mar. 7, 2002, noW abandoned, Which 
claims the bene?t of US. Provisional Application Ser. No. 
60/275,146, ?led Mar. 12, 2001, and this application claims 
priority to both of these applications. 

FIELD OF THE INVENTION 

The present invention relates to a pressure system. Par 
ticularly, the present invention relates to assessing risks and 
probable impact of overpressure in pressure systems. 

BACKGROUND OF THE INVENTION 

Oil and gas re?neries, production units, boilers, pressure 
vessels, pipelines, and other operating facilities and equip 
ment typically are designed to operate at certain pressures. 
An overpressure condition can occur under unusual operat 
ing conditions, such as a failure of a control valve to 
appropriately close or open or a failure of a controller to 
control temperature, pressure, or other operating parameters. 
Pressure relief devices, such as valves, are present in most 
processing facilities to limit the maximum pressure in plant 
equipment to safe levels. Besides relief valves, the operating 
facility includes other safeguards that can be considered in 
more accurately depicting an overpressure condition. Such 
safeguards, include, for example, system interlocks that lock 
out portions of the operating system While other portions are 
in use, automatic and manual shut-doWn controls and valves, 
various instrumentation that alloWs system overrides, and 
other safety items. 

Discharges from multiple relief devices coupled to mul 
tiple pressure containers can be grouped into a central pipe, 
commonly knoWn as a pressure relief header or a manifold. 
Ideally, the header is siZed to accommodate multiple relief 
valves discharging simultaneously. The header is often dis 
charged to an exhaust pipe Where the discharge is ignited to 
create a “?are,” as often seen at nights in industrial sectors. 
Alternatively, the header can discharge to treatment facilities 
or other appropriate places. 

The pressure relief devices are siZed for various emer 
gency contingencies that can occur in the facility. In some 
contingencies (called common mode scenarios), several 
relief devices may be required to discharge to the relief 
header simultaneously. Furthermore, the capacity of pres 
sure relief devices can be adversely affected by backpressure 
that develops in the relief header due to How. Backpressure 
is the calculated pressure doWnstream of the relief device. In 
general, the higher the backpressure, the greater the pres sure 
increase (accumulation) in the vessel. Therefore, design 
engineers attempt to determine backpressures that may 
develop for different common mode scenarios. The ultimate 
goal is to ensure that the backpressure does not become too 
high for the relief device to protect the associated piece of 
equipment. The degree of risk to Which apiece of equipment 
is exposed to can be estimated in terms of accumulation that 
is de?ned as the increase in vessel internal pressure over the 
vessel maximum alloWable Working pressure (MAWP). 

In recent years, softWare solutions have become available 
for a given scenario to calculate a particular backpressure. 
One such program is available from Simulation Sciences, 
Inc. of Brea, Calif. and is knoWn as “Visual Flare.” Such 
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2 
calculations have been used to determine Whether a larger 
header should be designed and installed. 

The ?rst step in the traditional design approach is to de?ne 
credible common mode scenarios based on a revieW of 

signi?cant single failure modes (initiating events). Gener 
ally, more than one independent failure (“double jeopardy”) 
is not considered credible. The relative frequency of the 
initiating events is not considered in the evaluation. Once the 
credible common mode scenarios are de?ned, the associated 
relief device discharges are determined. This evaluation is 
typically done assuming that other protective layers present 
in the facility that Would tend to mitigate the discharges fail 
to operate. As such, these “Worst case” relief requirements 
are de?ned through a variety of engineering calculations. 
Once the discharges are identi?ed, the backpressures in the 
relief header are determined directly through the use of 
specialiZed engineering softWare. The calculated backpres 
sures are compared to established benchmarks to determine 
the acceptability of the relief header system. 
A fundamental input of the softWare requires an estimate 

of hoW many relief valves may be discharging at any 
particular moment. The estimate may be based on a global 
estimation of the system and often is a “seat of the pants” 
guess at best. For safety, conservative estimates are gener 
ally made. Such conservative estimates may lead to a 
softWare solution that results in specifying a larger header 
than is actually needed. In some installations, the existing 
header may be safely used With various speci?c adjustments 
upstream or doWnstream of the header. A larger header or 
headers may cost millions of dollars to install in some 
facilities. 

Further, a header may be appropriately siZed When the 
facility is constructed, but inappropriately siZed years later 
due to expansion of the facility. Typically, facilities modify 
their operating conditions, output, or product mix to adjust 
for economic conditions. HoWever, often the header is not 
changed due to the attendant cost. Thus, the safety of the 
facility can be compromised as its ability to relieve over 
pressure decreases. A global estimation may indicate an 
overall problem, but does not indicate Where to pinpoint the 
changes. Thus, again the knoWn softWare solution may 
simply indicate a need for a larger header. 

In the various scenarios, the relief valves and other 
safeguards have an individual reliability factor, that is, the 
probability that the individual safeguard Will operate cor 
rectly at any particular time of need. The reliability factor of 
individual safeguards affects in some manner the overall 
system reliability. In addition to correctly determining mul 
tiple ?oW into headers, one key in an accurate solution is 
determining that reliability effect. The reliability coupled 
with How can more accurately determine Whether an unac 
ceptable probability exist that the system Will incur an 
unacceptable vessel accumulation condition. 

To date, no knoWn solution exists, other than the present 
invention, Which can account for the probability of perfor 
mance of the various safeguards and the effect on a system, 
herein including subsystems. While some softWare solutions 
evaluate an overpressure condition, many solutions are 
based upon a given scenario. No knoWn solution analyZes 
the probability taken for the multitude of scenarios to 
determine the amount of risk being taken for an overall 
system operation. 

Therefore, there remains a need for a determination of 
pressures and How rates in relief pressure systems based on 
probabilities of various scenarios. 
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SUMMARY OF THE INVENTION 

The present invention provides a probability or risk 
assessment of the impact of safeguards on a relief pressure 
system. The risk assessment system provides an analysis of 
the operation of the safeguards, the pressure relief valves, 
the header performance for multiple scenarios, given the risk 
of individual safeguards or subsystem safeguards, and their 
impact upon the overall system or subsystem of a facility. 
Such analysis can provide an overall risk assessment and a 
determination of header performance. Such information can 
be used by a facility to determine Within a given acceptable 
probability Whether a larger header is actually needed com 
pared to simply conservatively estimated values. 

Further, such risk can be determined based upon historical 
data, engineering judgment, or industry-Wide performance 
capabilities. Thus, a facility may save millions of dollars by 
undertaking such a risk assessment in some instances. In 
general, the risk assessment system can estimate an event 
frequency of failures for given time periods, establish an 
assessment of the failure probability of safeguards and 
assess given safeguards for individual containers and/or 
locations, establish risk target goals for equipment and the 
overall system, iteratively calculate the frequency of over 
pressure events With a statistical analysis, and then input 
such data into additional softWare, either internal or external 
to the risk assessment system, that calculates individual and 
global system performance for all the given scenarios, then 
analyZe the data based upon such risk assessment by accu 
mulated data on Whether the risk target goals are met. Such 
data can be used to determine Whether the individual units 
are global system needs, engineering needs and/or modi? 
cations to meet the risk target goals. If the system is 
modi?ed, additional risk assessment analysis can be per 
formed in like manner until the system meets the risk target 
goals. 

The invention provides a method of assessing risks to 
pressure equipment associated With at least one pressure 
relief system having a relief header, comprising identifying 
one or more relief header inputs associated With the equip 
ment, identifying one or more common mode failure sce 
narios for the relief header inputs, calculating a ?rst hydrau 
lic model for the one or more common mode failure 

scenarios, de?ning a risk acceptance criteria for an accumu 
lation in one or more members of the equipment associated 
With the relief header inputs, de?ning initiating events 
frequency of occurrence for one or more common mode 

failure scenarios, determining at least one of the risk accep 
tance criteria is not met by the ?rst hydraulic model, de?ning 
a probability of failure for one or more protection systems 
associated With the equipment; and calculating an output by 
correlating an accumulation of the one or more members of 
the equipment With the frequency of occurrence. 

The invention further provides a method of assessing risks 
to pressure equipment associated With at least one pressure 
relief system having a relief header, comprising identifying 
one or more relief header inputs associated With the equip 
ment, identifying at least one common mode failure scenario 
for the relief header inputs, calculating a ?rst hydraulic 
model for the at least one common mode failure scenario, 
de?ning a risk acceptance criteria for an accumulation in the 
equipment associated With the relief header inputs, de?ning 
initiating events frequency of occurrence for the at least one 
common mode scenario, determining Whether the risk 
acceptance criteria are met by the ?rst hydraulic model. 

The invention also provides a system for assessing risks 
to pressure equipment associated With at least one pressure 
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4 
relief system having a relief header, comprising an elec 
tronic processor, a memory coupled to the electronic pro 
cessor, the memory containing one or more programs to be 
processed by the electronic processor, the one or more 
programs being adapted to use input data for identi?ed relief 
header inputs, identi?ed common mode failure scenarios for 
the relief header inputs, de?ned risk acceptance criteria for 
an accumulation in the equipment associated With the relief 
header inputs; and de?ned initiating events frequency of 
occurrences for the common mode scenarios, de?ned prob 
ability of failure for one or more protection systems coupled 
to one or more of the relief header inputs, calculate a ?rst 
hydraulic model for at least one of the common mode failure 
scenarios, automatically calculate probability of failures for 
combinations of protection systems associated With the 
relief header inputs; and automatically correlate an accumu 
lation of one or more members of the equipment With the 
frequency of occurrences; and an output element coupled to 
the memory for producing an output of the correlation of the 
accumulation of one or more members of the equipment 
With the frequency of occurrences. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more particular description of the invention, brie?y 
summariZed above, may be had by reference to the embodi 
ments thereof that are illustrated in the appended draWings 
and described herein. It is to be noted, hoWever, that the 
appended draWings illustrate only some embodiments of the 
invention and are therefore not to be considered limiting of 
its scope, because the invention may admit to other equally 
effective embodiments. 

FIG. 1 is an overall schematic ?oW chart of a system and 
method of the invention. 

FIG. 2 is a schematic of various inputs relevant to the 
system. 

FIG. 3 is a schematic ?oW chart of additional input used 
in the system and method of the invention. 

FIG. 4 is a schematic ?oW chart illustrating processing of 
input data in the QRA process. 

FIG. 5 is a schematic ?oW chart of the modeling of the 
pressure relief system. 

FIG. 6 is a schematic ?oW chart of a statistical method of 
reducing the number of iterations for relatively complex 
pressure relief systems. 

FIG. 7 is a schematic ?oW chart of a QRA analysis 
execution method. 

FIG. 8 is a schematic ?oW chart of the QRA risk evalu 
ation. 

FIG. 9 is a schematic ?oW chart of the calculation process 
used by the QRA process. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

FIG. 1 is an overall schematic ?oW chart of a system and 
method of the invention. 

Quantitative Risk Analysis (QRA) can be applied to 
provide a more realistic assessment of the risk associated 
With vessel and other equipment accumulation due to com 
mon mode scenarios. The QRA process, 103, takes the 
results of a traditional ?are study, 101, and QRA inputs, 102, 
such as the frequencies of the common mode scenarios and 
the layers of protection that Will tend to reduce the severity 
of the common mode scenario, and generates an system risk 
pro?le, 104, such as an accumulation versus frequency 
relationship for each vessel discharging to the relief header. 
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As stated above, this relationship provides an estimate of the 
overall risk associated With the relief header system. 

The Flare QRA computer program produced by Ber 
Wanger, Inc., makes the above analysis process possible by 
automating the generation, execution, and interpretation of 
the many possible permutations that are required to charac 
terize the system. 

FIG. 2 is a schematic of various inputs relevant to the 
system. The ?oW chart sequence can speci?cally be altered 
and the ?oW chart can vary according to the complexity of 
the system. Thus, the ?oW charts contained herein are 
exemplary of a general process in characterizing a pressure 
relief system and associated equipment. 

Relief Header Mechanical Design 

Identify Relief Header Inputs: 
In step 204, the user generally identi?es all sources that 

discharge to the relief header. Inputs to the relief header can 
be relief devices, pressure control valves, depressuring 
valves, or manually operated valves. The user may obtain 
information on the relief header inputs from plant relief 
device databases, Piping and Instrumentation Diagrams 
(P&IDs), or a physical survey of the facility. There is no 
practical limit to the number of input locations supported by 
the program. 

Create Sketch of Relief Header: 
In step 205, the user can create a draWing of the relief 

header and uses the draWing to create an electronic model of 
the relief header in the QRA program. The draWing of the 
relief header should shoW the piping con?guration, includ 
ing distances, elevation changes, pipe sizes and ?ttings, 
from all identi?ed relief header input devices to the dis 
charge location of the system. The draWing of the relief 
header is typically draWn by visually verifying each section 
of the relief header at the plant location. 

Input Relief Header Piping into QRA Program: 
In step 206, using the draWing of the relief header, the user 

then creates an electronic representation of the relief header 
in the QRA program. The user enters the piping con?gura 
tion, including distances, elevation changes, pipe sizes and 
?ttings, from each relief header input to the relief header. 
The user then inputs the piping con?guration of the relief 
header from the end of the header to the discharge location 
of the system. In this Way, the user creates an electronic 
representation of the relief header in the QRA program. 

Process Engineering Analysis 

Identify Common Mode Scenarios: 
In step 201, the user identi?es a set of common mode 

scenarios. A common mode scenario is triggered by a single 
initiating event (i.e. poWer failure, external ?re, etc.) that 
results in multiple discharges to the relief header. Common 
mode scenarios are identi?ed using a combination of engi 
neering judgment and past plant experience. Note that there 
is no practical limit to the number of common mode sce 
narios supported by the program. 

For example, an engineer might use engineering judgment 
to determine that three relief devices Would be expected to 
relieve in the event of a partial poWer failure to a particular 
bus caused by the failure of an individual circuit breaker. In 
another example, plant personnel might identify a particular 
zone in the plant Where pool ?res commonly a?fect multiple 
vessels and result in multiple discharges to the relief header 
from relief devices on the affected vessels. Both examples 
are considered credible common mode scenarios. 
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6 
Individual relief scenarios (de?ned as discharges to the 

relief header from a single relief header input) are not 
commonly analyzed in the context of relief header analyses 
because each relief header input is typically analyzed indi 
vidually prior to evaluation of the common mode scenarios. 

Develop Relieving Loads and Conditions: 
In step 202, for each common mode scenario, the user 

enters the relief header inputs expected to relieve to the relief 
header. The user also inputs the expected relief rate (lb/h), 
temperature, ?uid composition and ratio of speci?c heats 
(typically referred to as “k” or “Cp/Cv”) for each relief 
header input in each common mode scenario. Other values 
can be entered as necessary and the above list is exemplary. 
The relieving loads may be calculated using commercial 
process simulation softWare such as HYSYS, or by utilizing 
industry-Wide standard calculations, such as those found in 
API 520 Sizing, Selection, and Installation of Pressure 
Relieving Devices in Re?neries and API 521 Guide for 
Pressure-Relieving and Depressuring Systems. The user’s 
engineering judgment is utilized to determine the most 
appropriate calculation method for each piece of equipment. 
The relieving conditions are calculated by inputting the ?uid 
composition, temperature and pressure into a commercial 
process simulator to generate the compressibility factor and 
ratio of speci?c heats. Note that the relief load, temperature, 
?uid composition and “k” can be speci?ed differently for 
each scenario. 

For example, in the event of a total poWer failure, a 
release of a certain relief load lb/h could be expected from 
a particular relief device associated With a particular mem 
ber of equipment. Parameters of the relieving conditions 
could include a particular relieving pressure, a relieving 
temperature, a ?uid composition, and a ratio of speci?c 
heats, as Would be knoWn to those With ordinary skill in the 
art. 

Relieving Pressure:l35 psig 
Relieving Temperature:245 F 
Fluid composition:30 mole % propane, 20 mole % n-bu 

tane, 50% i-butane 
Ratio of Speci?c Heats (k):l.23 
Further, FIG. 2 includes a step 207 for calculating a 

backpressure. 
Calculate the Back Pressure on Each Relief Device in Each 
Common Mode Scenario: 

After completing steps 201*206 and as depicted in step 
207, the user can run a hydraulic model of the relief header 
for each common mode scenario to determine the back 
pressure on each relief header input. A pressure pro?le in the 
relief header is obtained by solving the hydraulic model 
using a commercial hydraulic analysis softWare package 
such as Visual FlareTM. The user can execute a separate run 

for each common mode scenario using the corresponding 
relief loads and conditions for that scenario. The program 
stores the backpressure data generated for each relief header 
input for further analysis, as described in the Monte Carlo 
Analysis Method section in reference to FIG. 6. No credit for 
mitigating layers of protection is taken in this step. There 
fore, this run generally represents an upper limit to the vessel 
or other equipment accumulations or “Worst case”. 

QRA Input 
FIG. 3 is a schematic ?oW chart of additional input used 

in the system and method of the invention. 

De?ne Risk Acceptance Criteria: 
In order to perform a QRA, the user inputs values for the 

Risk Acceptance Criteria (RAC). The RAC may be obtained 
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from corporate risk criteria or from typical criteria applied in 
the industry. The RAC is generally de?ned as a time interval 
(such as years) for Which a certain level of vessel accumu 
lation, as de?ned in ASME Boiler and Pressure Vessel Code, 
Section VIII, is acceptable. A conceptual example of risk 
acceptance criteria is shoWn beloW for exemplary purposes 
and Without limiting the system and method: 

Vessel Accumulation 
Exceeds 

Risk Target 
(Years between Occurrences) 

21% 1 
30% 20 
50% 50 
75% 100 
100% 500 
150% 1,000 
200% 10,000 
250% 20,000 
300% 50,000 

The QRA program alloWs the speci?cation of both indi 
vidual risk acceptance criteria (for individual equipment, 
such as vessels) and aggregate risk acceptance criteria 
(Which applies to the “system” of equipment attached to the 
relief header) to create risk evaluation of one or more groups 
of equipment or for the Whole set of equipment associated 
With the pressure relief system. 

A conceptual example of aggregate risk acceptance cri 
teria is shoWn beloW: 

Vessel Accumulation 
Exceeds 

Risk Target 
(Years between Occurrences) 

21% 1 
30% 5 
50% 
75% 
100% 
150% 
200% 
250% 
300% 

In general, the user may choose to accept loWer intervals 
for the aggregate risk criteria because it represents the entire 
“system” of vessels associated With the relief header. The 
same level of accumulation applied to the “system” of 
associated vessels typically represents a loWer risk than for 
an individual vessel. 

Input Risk Acceptance Criteria: 
In step 302, user inputs the Risk Acceptance Criteria, as 

de?ned in step 301, into the QRA program. The data is 
entered as an interval (years) for Which a certain level of 
vessel accumulation is acceptable. There is no practical limit 
to the siZe of the database containing the risk acceptance 
criteria; consequently, the user may specify as many vessel 
accumulation ranges as are deemed necessary. 

De?ne Initiating Event Frequencies: 
In step 303, the user de?nes the frequency at Which each 

common mode scenario is expected to occur. This determi 
nation is made by revieWing the initiating event that leads to 
the common mode scenario. The initiating event frequency 
may be determined from historical plant data, published 
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reliability data or engineering analysis. For example, a total 
poWer failure may be expected to occur once every 20 years 
(frequency:0.05/year). 
Input Initiating Event Frequencies: 

In step 304, the user inputs the initiating events frequen 
cies, as de?ned in step 303, generally for each common 
mode scenario into the QRA program. The user inputs an 
initiating event frequency for each common mode scenario 
identi?ed in step 201, FIG. 2. 

De?ne the Probability of Failure on Demand (PFOD Values 
for Layers of Protection: 

In order to model the performance of mitigating layers of 
protection, the user de?nes the Probability of Failure on 
Demand (PFOD) for all potential layers of protection as 
shoWn in step 305. Layers of protection initiate mitigating 
action that serve to reduce or eliminate a discharge to the 
relief header from the relief location in question. For 
example, a spare pump auto-start may serve to keep a surge 
vessel from over?lling and thus eliminate a discharge to the 
relief header in the event that the primary pump failed. The 
PFOD is used in the QRA program to determine the prob 
ability that each layer of protection Will operate When 
required. 
The table beloW lists some general layers of protection 

and theoretical PFODs that have been used With the QRA 
program: 

Typical Layers of Protection PFOD 

SIL-III 0.1% 
SIL-II 1% 
SIL-I 10% 
Failure of conventional 67% 
instrumentation 
Failure of operator intervention 
Failure of high pressure override 
Failure of spare pump auto-start 
A given pump/spare Will be in 
operation 

75% 
5% 
10% 
50% 

Input Probabilities of Failure on Demand: 
In step 306, the user inputs the PFODs, as de?ned in step 

305, into the QRA program. The PFODs input in this step 
Will be used as the default PFODs for the given layers of 
protection by the program When determining if a given layer 
of protection Will operate. 

For example, a high pressure override associated With any 
piece of equipment in any CMS Will have a default PFOD 
as identi?ed in the De?ne the PFOD Values for Layers of 
Protection tabular example above, such as the exemplary 
5%. HoWever, note that the default PFODs may be over 
Written by the user for each individual relief location in each 
common mode scenario, if so desired. 

Identify Layers of Protection that Mitigate Relief Loads: 
In step 307, for each device that discharges to the relief 

header, the user may identify layers of protection that 
mitigate the expected relief load either partially or totally. 
This task is accomplished by analyZing every vessel in every 
CMS to determine if mitigating layers of protection are 
present. 
The individual layers of protection may reduce the relief 

load or totally eliminate the load. If there are multiple 
combinations of layers of protection, the user may specify 
different relief loads for the different combinations of layers 
of protection. The example beloW illustrates the concept of 
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layers of protection and is only illustrative, as the valves, 
outcomes, failure modes can vary among pressure relief 
systems. 

Example: In this example, a particular piece of equipment 
has tWo layers of protection that Would serve to reduce the 
discharge to the relief header. A pump auto-start is present 
that has a PFOD of 10% and a high-pressure override that 
has a PFOD of 5%. The table beloW lists the possible 
outcomes and the associated overall probabilities. 

Load to Relief Overall 
Possible Outcomes Header Probability 

Scenario 1 5,000 lb/hr 0.855 
HP Override Operates 
Pump Auto-Start 
Operates 
Scenario 2 35,000 lb/hr 0.095 
HP Override Operates 
Pump Auto-Start Fails 
Scenario 3 35,000 lb/hr 0.045 
HP Override Fails 
Pump Auto-Start 
Operates 
Scenario 4 80,000 lb/hr 0.005 
HP Override Fails 
Pump Auto-Start Fails 

The overall probabilities listed in the table above are 
quanti?ed as detailed beloW. 

Scenario 1 overall probability:(l—HP override fail 
ure probability)*(l—pump autostart failure prob 
ability) 

Scenario 2 overall probability:(l—HP override fail 
ure probability)*(purnp autostart failure prob 
ability) 

:(1i0.05)*0.10:0.095 

Scenario 3 overall probability:(HP override failure 
probability)*(l—pump autostart failure probabil 
ity) 

:0.05*(14).10):0.045 

Scenario 4 overall probability:(HP override failure 
probability)*(purnp autostart failure probability) 

:0.05*0.l0:0.005 

Sum of all overall:0.855+0.095+0.045+0.005:l 

probabilities 

QRA Process 
FIG. 4 is a schematic ?oW chart illustrating processing of 

input data in the QRA process. 

User Selects Common Mode Scenario: 
In step 401, the user selects the ?rst common mode 

scenario for analysis. Due to the fact that each common 
mode scenario is independent, the QRA program can ana 
lyZe each common mode scenario sequentially. 

ORA Program Determines Number of Permutations at Each 
Relief Location: 

In step 402, the identi?cation of layers of protection, as 
described in 307, at each relief location for each common 
mode scenario alloWs the quanti?cation of the total number 
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10 
or permutations of possible outcomes. For a given common 
mode scenario, the QRA program can calculate the total 
number of outcomes possible at each relief location. This is 
accomplished by revieWing the various layers of protection 
and the impact on the relief load at each location. 

In the example shoWn above in the Identify Layers of 
Protection That Mitigate Relief Loads section, four possible 
combinations of protection layers are de?ned; hoWever, tWo 
of these combinations (Run 2 and Run 3) result in the same 
relief load to the relief header. As such, these runs can be 
combined by summing the probabilities of Run 2 and Run 3. 
To summarize, the possible outcomes and associated prob 
abilities are as folloWs: 

Run 1 overall probability is 0.855 and results in a relief 
load of 5,000 lb/hr 
Run 2 overall probability is 0.140 (0.095+0.045) and 

results in a relief load of 35,000 lb/hr 
Run 3 overall probability is 0.005 and results in a relief 

load of 80,000 lb/hr 
This process is generally repeated at each relief location 

to de?ne the total number of outcomes at each relief location 
for the common mode scenario being considered. 

ORA Program Determines Total Number of Possible Runs 
for CMS: 

In step 403, the QRA program calculates the total number 
of possible runs for the entire common mode scenario. The 
total number of possible runs is calculated using the number 
of outcomes at each location determined in step 402, 
because the layers of protection at each location are assumed 
to function independently. For example, if ?ve locations 
Were involved in the common mode scenario and three 
possible outcomes existed at each of the ?ve locations, the 
total number of possible outcomes for the entire common 
mode scenario Would be 35 or 243. 

All Common Mode Scenarios Complete: 
If more than one common mode scenario has been iden 

ti?ed in step 201 in FIG. 2, the process of identifying the 
total number of possible runs must be repeated for each 
common mode scenario. 

If all common mode scenarios have not been analyZed to 
determine the total number of possible runs, as described in 
the previous sections, the QRA program may be con?gured 
to automatically select the next common mode scenario or 
the user may manually select the next incomplete common 
mode scenario as shoWn in step 405. 

After the common mode scenarios have been analyZed in 
steps 401405, a database of common mode scenarios With 
the total number of possible runs for each is stored in the 
QRA program. 

Analysis of All Runs Feasible: 
In step 406, tWo methods are available to execute the 

QRA program depending on the complexity of the system 
and desired con?dence level for the results. As the example 
above in the QRA Program Determines Total Number of 
Possible Runs for CMS section shoWs, a number of out 
comes are possible for each relief location associated With 
each common mode scenario. As such, the number of 
permutations and therefore the time required to perform the 
QRA analysis quickly increases as layers of protection are 
added. In the event that time is available to analyZe each 
permutation, the QRA analysis can be performed directly by 
analyZing each permutation and directly computing the 
vessel accumulation versus frequency for each vessel, as 
shoWn in step 407. If the time required to execute each 
possible run for a given common mode scenario is accept 
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able, then detailed statistical analysis of con?dence intervals 
(as described for Monte Carlo herein) is not required. The 
QRA program generates each possible combination of out 
comes and stores the runs for analysis as described in the 
Risk Evaluation section. 

However, if the user determines that the number of 
permutations is too great to practically alloW analysis of 
every permutation, Monte Carlo simulation techniques are 
applied to complete the QRA as described in the Monte 
Carlo Analysis section. Note that the common mode sce 
narios are independent. Therefore, the decision on analysis 
technique can be made on a scenario-by-scenario basis, if 
desired. 

Generate Possible Runs: 
The QRA program can generate the total number of 

possible runs for the given common mode scenario as 
described in step 403. The QRA program then generates a 
database of all possible runs that contains the relief loads for 
each relief location for each run. The total number of 
possible runs that are analyZed equals the number generated 
in step 403. The QRA program repeats the process if 
necessary for multiple common mode scenarios. 
An example of a simple common mode scenario is as 

folloWs: 

Out- Out- Out 
Relief Outcome come Outcome come Outcome come 

Loca- 1 Relief 1 Prob- 2 Relief 2 Prob- 3 Relief 3 Prob 
tion Load ability Load ability Load ability 

#001 50,000 0.05 25,000 0.1 0 0.85 
#002 100,000 0.01 60,000 0.5 0 0.49 
#003 35,000 0.2 0 0.8 N/A N/A 

The input above results in 18 different runs as calculated 
by the methodology described in step 403. The QRA pro 
gram generates the run data for each of the possible runs for 
analysis utiliZing a simple algorithm and it also computes 
the probability of each run as the product of the individual 
probabilities for each relief location, as shoWn in the 
example beloW: 

Load Load Load Total Run 
Run at #001 at #002 at #003 Load Probability 

1 50,000 100,000 35,000 185,000 0.0001 
2 50,000 100,000 0 150,000 0.0004 
3 50,000 60,000 35,000 145,000 0.005 
4 50,000 60,000 0 110,000 0.02 
5 50,000 0 35,000 85,000 0.0049 
6 50,000 0 0 50,000 0.0196 
7 25,000 100,000 35,000 160,000 0.0002 
8 25,000 100,000 0 125,000 0.0008 
9 25,000 60,000 35,000 120,000 0.01 

10 25,000 60,000 0 85,000 0.04 
11 25,000 0 35,000 60,000 0.0098 
12 25,000 0 0 25,000 0.0392 
13 0 100,000 35,000 135,000 0.0017 
14 0 100,000 0 100,000 0.0068 
15 0 60,000 35,000 95,000 0.085 
16 0 60,000 0 60,000 0.34 
17 0 0 35,000 35,000 0.0833 
18 0 0 0 0 0.3332 

Construction of Relief Header Hydraulic Model 
FIG. 5 is a schematic ?oW chart of the modeling of the 

pressure relief header. Regardless of analysis technique 
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12 
decided in steps 406, the relief header netWork input in the 
QRA program is transferred to a hydraulic analysis program 
to generate the hydraulic model. The QRA program cur 
rently accomplishes this task through OLE (Microsoft 
Object Linking and Embedding protocol) automation to 
Visual FlareTM, a commercially available hydraulic analysis 
softWare program available from Simulation Sciences. Prior 
to transferring the input, the QRA program performs veri 
?cation routines to verify the connectivity of the piping and 
assist the user in identifying any inappropriate input. It is to 
be understood that other hydraulic packages With OLE 
automation could be utiliZed or the hydraulic model algo 
rithms could be programmed into the QRA program itself. 
The end result of this step is a hydraulic model that is 
representative of the relief header piping system. If a sepa 
rate hydraulic analysis program is used, then some interme 
diary transfer steps may be used as Would be knoWn to those 
With ordinary skill in the art. 

QRA Program Veri?cation of Piping Connectivity: 
In step 501, the QRA program evaluates the relief header 

input information as provided in step 206, FIG. 2, to 
establish “connectivity” of the entire relief header model 
from each relief header input, through the relief header, to 
the discharge location of the system. Establishing “connec 
tivity” is completed by an algorithm as described beloW. 
First, the connectivity algorithm veri?es that all identi?ed 
relief header input devices listed in the QRA program have 
been included in the electronic model of the relief header. If 
a relief header input device is not connected to the relief 
header, the QRA program displays an error message that 
asks the user to add the omitted relief header input to the 
relief header model. The algorithm then starts at the relief 
header outlet and constructs all possible routes, through the 
user-entered ?are model, back to each relief header input 
entered in the QRA program. During this process of con 
structing all routes, the algorithm eliminates “dead-ends”, or 
routes that do not end at a relief header input, and generates 
a list of all unique paths from the relief header outlet to each 
relief header input. 

QRA Program Generates Input File for Transfer to Hydrau 
lic Analysis Program: 

In step 502, after establishing the connectivity of the 
entire relief header model in step 501, the QRA program can 
generate an “input ?le” in a format recogniZable to the 
particular hydraulic analysis program used Which contains 
the piping con?guration information for the entire relief 
header. This ?le can be utiliZed to build a hydraulic model 
of the relief header in the hydraulic analysis program. 

ORA Program Exports Input File to Hydraulic Analysis 
Program: 

In step 503, the QRA program can transfer the “input ?le” 
generated in step 502 into the hydraulic analysis program 
using OLE automation. 

Relief Header Model Developed in Hydraulic Analysis 
Program: 

In step 504, after the “input ?le” is imported into the 
hydraulic analysis program, the hydraulic analysis program 
Whether separate or contained Within the QRA program 
reconstructs a model of the relief header from the input ?le 
created by the QRA program in step 502. The model of the 
relief header is used for hydraulic analysis of individual runs 
by the QRA program, Which Will be described in further 
detail in steps 705*713. 
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Monte Carlo Analysis Method 
FIG. 6 is a schematic ?oW chart of a statistical method of 

reducing the number of iterations for relatively complex 
pressure relief systems. A “Monte Carlo” execution method, 
knoWn to those With ordinary skill in the art, utiliZes a 
random number generator to develop random simulations of 
the relief header in the event that an identi?ed common 
mode scenario occurs. For a given common mode scenario, 
a random number is selected at each relief location to 
determine the impact of the available layers of protection. 

User Selects Number of Simulation Runs for Each CMS: 
In step 601, the user inputs the number of Monte Carlo 

simulations required into the QRA program. Alternatively, 
the number can be programmed into the program. The 
number of Monte Carlo simulations required for a particular 
common mode scenario may be determined by various 
statistical methods, one of Which is shoWn beloW: 

4 4 Initiating 

Individual 
Number of 4 Event 

4 4 : Risk Target >< 
Simulations Frequency 

Interval (year) 
<1/year) 

The individual risk target interval in the above equation 
corresponds to the accumulation range that includes the 
highest vessel accumulation calculated for the Worst-case 
common mode scenario. In the event that the Worst-case 
scenario cannot be easily selected, all possible scenarios 
could be hydraulically modeled to determine Which common 
mode scenario results in the highest vessel accumulation. 

The initiating event frequency used in the above equation 
corresponds to the Worst-case common mode scenario, or 
the scenario that results in the highest vessel accumulation. 
As one example for a general poWer failure, assume an 

initiating event frequency of 0.05/year (i.e. an interval of 20 
years) and that the highest individual accumulation calcu 
lated is 85%. Based on the table shoWn in the above example 
in the QRA Input, De?ne Risk Acceptance Criteria section, 
an 85% accumulation (75%*l00% range) corresponds to an 
individual vessel risk target interval of 500 years. 

Number of simulations:500(year)*0.05(l/year) 
*5Il25 Monte Carlo simulations 

The previous equation estimates the number of simula 
tions required to achieve suitable results and is based on 
typical Monte Carlo statistical methods. The validity of this 
assumption is generally veri?ed by the user as described in 
the Risk Evaluation Section. 

User Selects Desired Con?dence Level: 
In step 602, the user must also input the desired con? 

dence level for the risk evaluation of the results from the 
Monte Carlo simulation process. Use of the con?dence level 
is described in the Risk Evaluation Section. 

The QRA program selects the ?rst common mode sce 
nario and begins the process of generating the individual 
relief loads for each run Within the ?rst common mode 
scenario, as shoWn in step 603. 

After selecting the ?rst common mode scenario, the QRA 
program begins the process of generating relief loads for all 
individual relief locations involved in the current common 
mode scenario, as shoWn in step 604. 

The QRA program generates predicted relief loads for 
each relief location involved in the common mode scenario 
starting With the ?rst relief location, as shoWn in step 605. 
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14 
Choose Random Number BetWeen 0 and 1: 

In step 606, the QRA program generates a random number 
for each relief location using an internal random number 
generator that outputs a random number betWeen 0 and 1. 

Determine Relief Load for Location: 

In step 607, the random number generated in step 606 is 
used to determine the relief load for the speci?c location 
based on the overall probabilities of occurrence as calculated 
in step 307, FIG. 3. 

In the example shoWn beloW, the overall probability of 
each run listed has already been determined as shoWn in the 
Overall Probability Column. The random number generated 
is 0.935, Which falls betWeen 0.855 and 0.95. Therefore, the 
Scenario 2 load of 5,000 lb/hr Will be assigned to the given 
relief location in the QRA database. 

Load to Relief Overall Random 
Possible Outcomes Header Probability Number 

Scenario 1 0 lb/hr 0.855 0*0855 
HP Override Operates 
Pump Auto- Start 
Operates 
Scenario 2 5,000 lb/hr 0.095 0.855i0.95 
HP Override Operates 
Pump Auto-Start Fails 
Scenario 3 35,000 lb/hr 0.045 0.95i0.995 
HP Override Fails 
Pump Auto- Start 
Operates 
Scenario 4 80,000 lb/hr 0.005 0.995%.0 
HP Override Fails 
Pump Auto-Start Fails 

The process can be repeated for every relief location in the 
current run and stored in the QRA database. 

Random Number Predicted Relief 
Run Generated Load 

1 0.935 5,000 lb/hr 
2 0.971 35,000 lb/hr 
3 0.382 0 lb/hr 
4 0.285 0 lb/hr 

The process of determining the relief load for individual 
relief locations can be repeated for each subsequent relief 
location until every relief location has a predicted relief load 
for the current run as shoWn in step 608. This schedule of 
discharges represents one random run for the common mode 
scenario being studied. The process is repeated as needed to 
generate additional random runs, as shoWn in the loop from 
steps 610 to 605. 

After the current run has an output value speci?ed for 
each relief location, the program checks to see if there are 
incomplete runs in the QRA database (those lacking pre 
dicted relief loads), as shoWn in step 610. If the number of 
runs generated is less than the number of runs speci?ed by 
the user in 601, the QRA program returns to step 605, and 
generates another run using the previously described pro 
cess. 

When the number of completed runs equals the number of 
runs speci?ed by the user in step 601, the program checks to 
determine if all common mode scenarios are complete, as 
shoWn in step 612. 
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If all common mode scenarios have not been completed, 
the QRA program returns to step 604 and completes the 
remaining common mode scenarios in this manner. 

If all of the common mode scenarios are complete, the 
QRA program begins the QRA Execution Method shoWn in 
FIG. 7. 

QRA Execution Method 
FIG. 7 is a schematic ?oW chart of a QRA analysis 

execution method. 
ORA Program Selects First Common Mode Scenario 

(CMS): 
In step 701, the QRA program selects the ?rst common 

mode scenario for analysis and proceeds to step 702. 

ORA Program Retrieves Previously Generated Run Data: 
In step 702, the run data for the applicable common mode 

scenario has already been generated in steps 601*614 or step 
407. The QRA program retrieves this data and proceeds to 
step 703. 

QRA Program Ranks Runs by Estimated Severity: 
In step 703, the QRA program can order or otherWise rank 

the run data retrieved in step 702 by the magnitude of the 
total relief load, Which roughly approximates the expected 
severity of the run, relative to the other runs. 
The output from the example in the Detailed Description 

of a Preferred Embodiment section, Generate All Runs 
subsection, as shoWn above, Would be ordered as shoWn 
beloW: 

Load Load Total Run 
Run at #001 at #002 Load #003 Load Probability 

1 50,000 100,000 35,000 185,000 0.0001 
7 25,000 100,000 35,000 160,000 0.0002 
2 50,000 100,000 0 150,000 0.0004 
3 50,000 60,000 35,000 145,000 0.005 

13 0 100,000 35,000 135,000 0.0017 
8 25,000 100,000 0 125,000 0.0008 
9 25,000 60,000 35,000 120,000 0.01 
4 50,000 60,000 0 110,000 0.02 
14 0 100,000 0 100,000 0.0068 
15 0 60,000 35,000 95,000 0.085 
5 50,000 0 35,000 85,000 0.0049 

10 25,000 60,000 0 85,000 0.04 
11 25,000 0 35,000 60,000 0.0098 
16 0 60,000 0 60,000 0.34 
6 50,000 0 0 50,000 0.0196 

17 0 0 35,000 35,000 0.0833 
12 25,000 0 0 25,000 0.0392 
18 0 0 0 0 0.3332 

QRA Program Selects Highest Severity Run: 
In step 704, the QRA program begins the analysis of the 

runs obtained in step 702 With the most severe run, as 
calculated in step 703. 

QRA Program Transfers Run Data to Hydraulic Analysis 
Program: 

In step 705, the QRA program transfers the relief loads 
and conditions via OLE automation to the relief header 
model constructed in step 504 in the hydraulic analysis 
program. 

Hydraulic Analysis Program Determination of Header Pres 
sure Pro?le: 

In step 706, the pressure pro?le in the relief header is 
determined by solving by the hydraulic model of the relief 
header for the backpressures at each relief header input 
location. The QRA program can automate this execution. 
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Transfer of Back Pressures to ORA program: 

In step 707, after the backpressures at each relief header 
input location are determined in step 706, the QRA program 
imports the backpressure data from the hydraulic analysis 
program using OLE automation. The backpressure data for 
each relief header input location is then stored in the QRA 
program. 

QRA Program Quanti?es and Stores Vessel Accumulations: 
In step 708, from the back pressure data for each location, 

the corresponding vessel accumulation is calculated using 
standard engineering calculations that are dependent on the 
type of relief device present, as is knoWn to those With 
ordinary skill in the art. Note that the vessel accumulations 
may be calculated from the backpressure using a number of 
different calculation methods. 

Examples of typical accumulation calculations for com 
mon types of pressure safety valves (PSVs) are shoWn 
beloW: 

Conventional PSV: 

For conventional PSVs, all backpressure on the PSV 
(built-up back pressure plus constant back pressure) is 
treated as superimposed backpressure at the outlet of the 
PSV. As such, the relief valve Will open When the differential 
set pressure across the valve equals the set pressure. The 
valve Will achieve full lift at 10% overpressure. This 
approach can conservatively calculate the vessel accumula 
tion by maintaining a constant differential pressure across 
the valve. 

[(Psel+ Pback) + PselX 0.1] — MA WP 

MA WP 
% Accumulation: X 100% 

Where: 

% Accumulation:Percent vessel accumulation 

P :Set pressure of the PSV, psig set 

PbGCkIBack pressure at the outlet of the PSV, psig 
MAWPIMaXimum alloWable Working pressure of the 

protected equipment, psig 

Balanced BelloWs PSV: 

Based on a revieW of literature obtained from manufac 
turers of balanced belloWs PSVs, the belloWs can be con 
servatively estimated to remain functional at backpressures 
up to tWice the outlet pressure ratings listed in API Standard 
526 Flanged Steel Pressure Relief Valves. Above tWice the 
listed outlet pressure rating, the belloWs is assumed to fail 
and the relief valve is treated as a conventional valve. The 
QRA program can compare the backpressure, as imported 
from the hydraulic analysis program, to the expected bel 
loWs failure pressure and performs the corresponding cal 
culation for vessel accumulation. 

At backpressures beloW tWice the outlet pressure rating of 
the belloWs PSV, the belloWs is expected to remain intact. 
Consequently, the opening pressure of the PSV Will be 
unaffected by the backpressure. The belloWs PSV achieves 
full lift at 10% overpressure. Per API 520 SiZing, Selection, 
and Installation of Pressure-Relieving Devices in Re?neries, 
no reduction in capacity is expected at up to 30% back 
pressure for balanced belloWs PSVs. Above 30% backpres 
sure, the belloWs valve backpressure is conservatively 
assumed to require the same differential pressure to remain 



US 7,039,502 B2 
17 

fully open. The vessel accumulation calculation for bellows 
PSVs is shown below: 

(1.1 -Pset— 0.3 - P52!) + Pback — MA WP 

MAWP 
% Accumulation: X 100% 

Where 
% AccumulationIPercent vessel accumulation 
PSEtISet pressure of the PSV, psig 
PbGCkIBack pressure at the outlet of the PSV, psig 
MAWPIMaXimum allowable working pressure of the 

protected equipment, psig 

Pilot-Operated PSV: 
The QRA program can calculate the critical ?ow pressure 

(PC) based on the relief pressure (PR) for the relief location 
and the “k” value (Cp/Cv) for the selected load from the 
relief location. 

If the back pressure, as imported from the hydraulic 
analysis program, is less than or equal to the critical ?ow 
pressure, the ?ow through the pressure relief valve remains 
sonic and the capacity of the valve will not be affected. 
Therefore, the pressure in the equipment will not exceed the 
maximum allowable relief pressure, as de?ned in ASME 
Section VIII and is assumed to be the same as the relief 
pressure. If the backpressure is greater than the critical ?ow 
pressure, the pressure in the equipment will increase to 
maintain the required ?ow and will be calculated by the 
QRA program. 

[at] 
If BP>PC, Pv will be calculated by the QRA program 
Where: 

PCICritical ?ow pressure, psia 
PRIRelief pressure for a relief location, psia 
kIRatio of heat capacities for a selected load from the 

location 
BPIBack pressure calculated by hydraulic analysis pro 

gram at a relief location, psia 
PVIPressure in equipment at a relief location, psia 
The QRA program calculates the pressure in the equip 

ment, Pv, based on a noZZle equation assuming constant 
?ow: 

l 
5 (BP) + 

(BP) 
(k - 1) 

exp 

20 

25 

30 

35 

40 

45 

50 

65 

18 
The QRA program can then calculate the percent accu 

mulation in the corresponding vessel: 

(Pv - MA WP) 

MA WP 
% Accumulation: X 100% 

Where 
% AccumulationIPercent vessel accumulation 

PVIPressure in the equipment, psig 
MAWPIMaXimum allowable working pressure of the 

protected equipment, psig 

Non-Flowing Devices: 
The vessel pressure is set equal to the relief header 

backpressure. The percent accumulation in the vessel is 
calculated as follows: 

(PV - MA WP) 

MA WP 
% Accumulation: X 100% 

Where 
% AccumulationIPercent vessel accumulation 

PVIPressure in the equipment, psig 
MAWPIMaXimum allowable working pressure of the 

protected equipment, psig 

All Accumulations Below Minimum Risk Acceptance Cri 
teria: 

In step 709, after calculating the vessel accumulations, the 
data is compared to the established risk acceptance criteria, 
as de?ned in step 301. 

Store Run in QRA Database: 
In step 710, if any of the vessel accumulations are above 

the minimum risk acceptance criteria (RAC), the individual 
relief location data for the entire run will be stored in the 
QRA database for further analysis. The “Vessel Accumula 
tion Range” information will also be stored in a separate 
table. The “Vessel Accumulation Range” table stores the 
total number of runs where the vessel accumulation corre 
sponding to a particular relief location falls between the 
user-de?ned risk target intervals. 
The following table shows a portion of a sample QRA 

Database which stores the run data for all common mode 
scenarios (CMS) and the runs associated with each CMS. 
The backpressure on the listed relief devices has been 
previously imported from the hydraulic analysis program. 
The minimum risk acceptance criteria (RAC) for this 
example is 21%. The QRA program calculates the vessel % 
accumulation as outlined above and determines that at least 
one relief location exceeds the minimum RAC of 21%. 
Therefore, the QRA program stores the run data for each 
relief location. 

Re- % 
lief Equip- Ac 

Loca- Back ment cumu- Run 
CMS Run tion Device Type Pressure Pressure lati on Status 

001 l A Conventional 45.8 110 55.8 Keep 
PSV psig psig 

001 l B Conventional 14.4 220 17.2 Keep 
PSV psig psig 
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Re- % Run Load at #001 Load at #002 Load #003 Total Load 
lief Equip- Ac 

Loca- Back ment cumu- Run 5 10 25,000 60,000 0 85,000 
CMS Run tion Device Type Pressure Pressure lation Status 11 25,000 0 35,000 60,000 

16 0 60,000 0 60,000 
001 1 C Conventional 35.2 107 46.2 Keep 6 50,000 0 0 50,000 

PSV psig psig 17 0 0 35,000 35,000 
12 25,000 0 0 25,000 

10 18 0 0 0 0 

No data was previously stored in the vessel accumulation 
range table in this example. The vessel accumulation data _ _ 
for relief locations A, B and C will be stored in the “Vessel Ih step 712’ the QRA program then deterhhhes If all runs 
Accumulation Range” table as follows: retneved 111 Step 702, are Complete 

15 In step 713, if all runs are not complete for the current 
common mode scenario, the QRA program selects the next 

I run, and proceeds to transfer the relief loads for the run into 
Relief From % Up To % Run h h dr 1. 1 . h . 705 

CMS Location Accumulation Accumulation Count I e y au 1C ana ysls program as S own In Step ' 

In step 714, the QRA program determines if all runs have 
001 A 50 75 1 20 b 1 d f h d 001 B 0 21 1 een comp ete ort e current common mo e. 

001 C 30 50 1 In step 716, if all common mode scenarios are not 

complete, the QRA program selects the next common mode 
Note that the vessel accumulation range data is stored for Seehane ahdljreeeeds to hank the mhs In the next Common 

each run, even if all of the vessel accumulations are below 25 mode Scenario’ as shown In 703' 
the minimum RAC (the vessel accumulation range from 0% If all COmmOn mOde SeenarlOS are Complete, the QRA 
to 21% will be incremented by one for all relief locations). program proceeds t0 the Risk Evaluation SeCtiOn. 

QRA Program Analysis of Remaining Runs for “Elimina- Risk Evaluation 
hon”: 30 FIG. 8 is a schematic ?ow chart of the QRA risk evalu 

In step 711, for the current run, if the vessel accumulations atiOn_ The QRA program can generate many speci?c reports, 
for all equipment connected to the relief header are lower but the primary output is a summary of the vessel accumu 
than the minimum accumulation listed in the risk acceptance latien versus frequency relationship developed for all indi 
criteria (1.e. all calculated accumulat1ons are acceptable at vidual vessels included in the relief header network as 
any frequency), then an algorithm iS implemented to Count 35 compared to the risk acceptance criteria. The risk analysis 
less severe runs without utilizing the hydraulic analysis can he performed for speei?e vessels or common mode 
package in Order to inCreaSe the speed Of the QRA program scenarios, but the general approach would be to ensure that 
eXeCutiOn. This “eliminatiOn” algorithm COuntS in the “VeS- the individual risk acceptance criteria is met for each vessel 
sel Accumulat1on Table” the rema1n1ng runs wh1ch have and the aggregate risk acceptance criteria is met for the 
relief loads equal to or less than in the current run without 40 Overall system, The recommended process for making this 
runnlng utlllZlng the hydrauhc analysls program. NOte that determination is shown in the Risk Evaluation ?ow chart of 
the elimination algorithm only evaluates runs where the FIG' 8, 
Same speelhc rehef locahohs or fewer are expected to The user begins the process by selecting the ?rst vessel to 
dlseharge' _ _ review, as shown in step 801. 

For example, 1n the follow1ng table, run 15 was evaluated 45 
and all vessel accumulations were found to be below the QRA Program Generates VeSSel Accumulat1on VS. Fre 
minimum RAC. Therefore, the elimination algorithm would quency PFO?leI 
evaluate the remaining runs (those below run 15 in the table In step 802, the QRA program then develops the indi 
belOW) and “eliminate” any OfI'llnS that result in leSS than or vidual risk pro?le for the vessel based on the stored run data. 
equal to 0 lb/hr, 60,000 lh/hl‘ and 35,000 lh/hl‘ at relief 50 This is accomplished in different ways depending on the 
lOCatlOnS #001, #002 and #003, respectlvelY Note that 111 method chosen to perform the analysis in step 406, FIG. 4. 
this example, runs 16, 17 and 18 Would be “eliminated”, aS The different methods corresponding to direct execution of 
ShOWn 1n the table helOWI all runs and Monte Carlo simulation are described below. 

55 Risk Pro?le Development for Direct Execution of all Runs 

In the event that all possible runs have been previously 
Run Load at #001 Load at #002 Load #003 Total Load analyzed, the quanti?cation of the vessel risk pro?le is 

1 50,000 100,000 35,000 185,000 developed based on the results for each run and the associ 
7 25,000 100,000 35,000 160,000 ated run probability. As described in step 710, FIG. 7, these 
2 50900 100900 0 150900 60 accumulations are counted in ranges that correspond to the 
3 50’000 60’000 35’000 145’000 user-s eci?ed individual risk acce tance criteria 

13 0 100,000 35,000 135,000 p p ' 
8 25 ,000 100,000 0 125,000 Using the QRA Program Ranks Runs by Estimated Sever 
9 25900 60900 35900 120900 ity example above, which had 18 different possible runs that 
4 50,000 60,000 0 110,000 h d ~ d-? t 1 f f th 1 f- t t 
14 0 100,000 0 100,000 resu e 1n' 1 eren accumu a.1ons or e vesse 0 1n eres 
15 0 60,000 35,000 95,000 65 and assum1ng that the 1n1t1at1ng event frequency for th1s 
5 50,000 0 35,000 85,000 common mode scenario (CMS 1) is once every 10 years, the 

pro?le can be developed as shown below: 












